Introduction
The quality of cheese is significantly dependent on the type of milk-clotting enzyme, which is important in the processes of milk coagulation and cheese maturation [16] . Conventionally, calf rennet has been the most widely used coagulant in cheese-making, which is obtained from the stomach of an unweaned calf. The worldwide increase of cheese production and the reduced supply of calf rennet have led to a search for novel sources of rennet [7] .
Milk-clotting enzymes obtained from microorganisms have received particular attention owing to their diverse properties, relative ease of preparation, and reduced cost. Various fungal proteases have been widely used as milk coagulants, such as rennet derived from Mucor pusillus, Mucor miehei, and Endothia parasitica [19] . Numerous bacteria have been suggested as promising microbial rennet producers, such as Bacillus licheniformis [1, 27] , Bacillus subtilis [10, 11, 17] , Bacillus sphaericus [12, 18] , Bacillus subtilis natto [9] , Myxococcus xanthus [6, 20] , Enterococcus faecalis [25] , and Bacillus polymyxa [15] .
It is widely known that microbial enzyme production is greatly influenced by many factors, especially medium composition and cultivation conditions. The conventional strategy for medium optimization is the one-variable-at-atime approach, which is time consuming, expensive, and incapable of detecting the true optimum, owing to the interactions among the multiple factors involved. A statistical experimental design involving the Plackett-Burman design and Box-Behnken response surface methodology (RSM) can eliminate the limitations of the single-factor optimization process and has been successfully applied in many areas of biotechnology, such as production of lipase [3] , xylanase [2] , and tannase [5] . However, there are few studies on the optimization of medium components for microbes to produce milk-clotting enzymes via the Plackett-Burman design and Box-Behnken RSM [11, 22] .
Wheat bran, an agro-industrial residue, contains cellulose material, starch, crude protein, trace elements, and other certain ingredients, which can be used as carbon and nitrogen sources to promote the growth of microorganisms and milk-clotting enzyme production through solid-state fermentation [21, 23, 24, 26] . However, there are few reports on the utilization of wheat bran juice for microbes to produce milk-clotting enzymes by submerged fermentation [10, 13, 14] . Therefore, we used this material for milkclotting enzyme production by B. amyloliquefaciens D4 under submerged fermentation.
B. amyloliquefaciens D4, which can producing milkclotting enzyme, has been isolated from yak grazing soil in the north-eastern Tibetan Plateau [14] . The objective of the present work was to attempt to optimize the medium components with a statistical optimization strategy to increase milk-clotting enzyme production by B. amyloliquefaciens D4 using wheat bran juice. The Box-Behnken RSM was used to optimize key nutrients screened via the Plackett-Burman design in the study.
Materials and Methods

Strain and Chemicals
B. amyloliquefaciens D4 (CGMCC 3290) was isolated from yak grazing soil from the north-eastern Tibetan Plateau and deposited in the China General Microbiological Culture Collection Center (Beijing, China). The strain was propagated at 37 o C on lysogeny broth (LB) agar slants (1.0% (w/v) peptone, 1.0% (w/v) beef extract, 0.5% (w/v) NaCl, and 2.0% (w/v) agar, pH 7.2), and subcultured every 30 days. The chemicals used in this study were of analytical grade.
Preparation of Seed Culture
The strains obtained from the LB agar slants were inoculated into 5 ml of seed culture medium, composed of beef extract (10 g/l), peptone (3 g/l), and NaCl (5 g/l) in a test tube, and incubated at 37 o C at pH 7.2 for 24 h with shaking at 170 rpm. After incubation, a 1 ml aliquot of the bacteria was inoculated into 100 ml of basal fermentation medium in a 250 ml flask and incubated for 24 h at 37 o C at pH 7.2 with shaking at 170 rpm. The culture broth was used as seed culture for the later experiments. The basal fermentation medium was prepared as follows: 2 g of skim milk powder, 5 g of sucrose, 0.1 g of FeSO 4 ·7H 2 O, 0.1 g of MgSO 4 ·7H 2 O, 0.1 g of MnSO 4 ·2H 2 O, 0.1 g of ZnSO 4 ·7H 2 O, and 0.5 g of Na 2 HPO 4 were dissolved in 1,000 ml of wheat bran juice (wheat bran juice: 100 g of wheat bran in 1,000 ml of distilled water, boiled for 10 min, and filtered through gauze).
Batch Fermentation
Initial optimizations were conducted in 250 ml Erlenmeyer flasks containing 100 ml of fermentation medium, containing different concentrations of medium components that were tested according to the experimental statistical design. These flasks were inoculated with 2% seed culture and incubated at 37 o C for 48 h on a rotary shaker at 170 rpm. After 48 h of fermentation, the crude enzyme solution was obtained by centrifugation at 8,000 ×g for 10 min. All fermentations were carried out in triplicate and the results represent the average of the three trials.
The optimal medium compositions identified above were confirmed using a 10 L fermentor (GUJS-10L, Zhenjiang East Biotech Equipment and Technology Co., Ltd) filled with 8 L of culture medium, along with 0.02% antifoaming agent. After sterilization (121 o C for 15 min), the medium was cooled to the scheduled temperature (37 o C) and inoculated with 5% seed culture. The fermentor was operated at 37 o C for 72 h. During the fermentation, the agitation rate and air flow rate were controlled manually to maintain a certain range of dissolved oxygen percentage (10-60%). Moreover, aeration helps keep a positive pressure to 0.05 MPa. Samples were taken for assay of milk-clotting activity.
Experimental Design and Data Analyses
The optimization of medium constituents to improve the milk-clotting activity of B. amyloliquefaciens D4 was carried out in two stages. Firstly, we investigated eight variables, including four inorganic components, in the basic medium. The variables having the most significant effect on milk-clotting activity were identified using a two-level Plackett-Burman design. Each variable was represented at two levels (high and low), which were denoted by (+1) and (-1), respectively ( Table 1 ). The total number of trials carried out according to the Plackett-Burman design was k+1, where k is the number of variables (medium components). Here, eight assigned variables and three unassigned variables, commonly referred to as dummy variables, employed to evaluate the standard error (SE) of the experiment, were screened in 12 experimental designs. Table 1 lists the concentrations of each factor used in the experimental designs, whereas Table 2 represents the design algorithm. The statistical software package Minitab ver. 14.11 (Minitab Inc., USA) was used to analyze the experimental design.
Secondly, Box-Behnken RSM was used to optimize the screened components to enhance the milk-clotting activity. Each factor in the design was studied at three different levels (-1, 0, and +1). The variable concentrations and experimental design are shown in Table 4 . The behavior of the system was explained by the following quadratic equation:
where Y is the predicted response, β 0 is the offset term, β i is the linear offset, β ii is the squared offset, β ij is the interaction effect, and X i is the dimensionless coded value of X i . This equation can be used to evaluate the linear, quadratic, and interactive effects of independent variables on the dependent response.
The software Minitab ver. 14.11 was used for regression and graphical analyses of the obtained experimental data. A differentiation calculation was then employed to predict the optimum values of the various factors.
Enzyme Assay
The milk-clotting activity was investigated using the method of Arima et al. [4] and expressed in terms of the Soxhlet unit (SU), which is defined as the amount of enzyme required to clot 1 ml of a substrate solution (10% skim milk in 10 mM of CaCl 2 ) in 40 min at 35 o C. Enzyme solution (0.5 ml) was added to 5 ml of the substrate solution containing 10% skim milk powder and 10 mM of calcium chloride and incubated at 35 o C for 5 min. The mixture was mixed well and the formation time of the curd fragment was measured.
The milk-clotting activity was calculated using the following equation: (2) where t is the clotting time (sec) and D is dilution of the enzyme solution.
Results and Discussion
Screening of important medium components
The experimental design and corresponding milk-clotting activity of eight medium components are shown in Table 2 . The milk-clotting enzyme activity ranged from 1,283.9 to 2,708.5 SU/ml, indicating a strong influence of medium components on milk-clotting enzyme production.
The main effect of each variable on milk-clotting activity was estimated as the difference between the average Trial Variables/levels Milk-clotting activity (SU/ml) measurements at the high level (+1) and low level (-1) of each factor (Table 1) . If the sign of the effect of a tested variable was positive, its influence on milk-clotting activity was greater at a high level; whereas, if the sign was negative, its influence was greater at a low level. The regression analysis presented in Table 1 shows that low levels of X 3 (sucrose),
, and X 7 (ZnSO 4 ·7H 2 O) enhanced milk-clotting production, whereas high levels of X 1 (wheat bran), X 2 (skim milk powder), and X 8 (Na 2 HPO 4 ) resulted in high milk-clotting activity. The Pareto chart in Fig. 1 ranks the significance of the medium components based on the results obtained by the Plackett-Burman design. The results were in agreement with previous reports describing wheat bran as a better substrate for milk-clotting enzyme production by Aspergillus oryzae [24] , Rhizomucor spp. [21] , Absidia ramose [23] , and Mucor miehei [26] . In studies on milk-clotting enzyme production by Rhizomucor [21] and Mucor miehei [26] , high concentrations of skim milk powder resulted in greater enzyme production. Enhancement in the presence of Mg
2+
and Fe 2+ has been reported for Amylomyces rouxii [28] , and CaCl 2 exhibited a synergistic effect on enhanced milkclotting enzyme production by Aspergillus niger [8] . In our previous study, metal ions (Zn 2+ , Mg 2+ , and Mn 2+ ) significantly reduced the milk-clotting activity of B. amyloliquefaciens D4, whereas Ca 2+ and Na + significantly increased its activity [13] .
The variable confidence levels above 95% in the PlackettBurman design were selected and further optimized. According to 
Optimization of Medium Components
Three significant independent variables [X 1 (wheat bran), X 2 (skim milk powder), and X 8 (Na 2 HPO 4 )] were selected and further optimized using the Box-Behnken design to determine their optimal concentrations. The coded and real values of the variables at various levels are given in Table 3 . In the Box-Behnken design, X 3 (sucrose),
were set at their low levels of 5.0, 0.1, 0.1, 0.1, and 0.1 g/l, respectively. Table 4 shows the Box-Behnken experimental design and the obtained milk-clotting activity of the individual components. Via multiple regression analysis on the experimental data in Table 4 
where Y is the predicted response and A, B, and C are the coded values of wheat bran juice, skim milk powder, and Na 2 HPO 4 , respectively. The regression coefficients and the analysis of variance presented in Tables 5 and 6 indicate the high significance of the model. The highest R 2 value (0.98) was also in good agreement with the experimental results and theoretical values predicted by the model. Our results revealed that linear and quadratic terms of wheat bran juice and Na 2 HPO 4 had a significant effect on the milk-clotting activity production (p < 0.05). Simultaneously, the square of skim milk powder and interactive terms of wheat bran juice and Na 2 HPO 4 were also significant. From equations derived by differentiation of Eq. (3), the optimal values of A, B, and C in the coded units were found to be 0.4491, 0.2084, and -0.4841, respectively. Correspondingly, we obtained the maximum point of the model, which was 172.45 g/l of wheat bran juice, 3.31 g/l of skim milk powder, and 1.52 g/l of Na 2 HPO 4 , respectively. The maximum predicted value of milk-clotting activity was 3,313.7 SU/ml.
Using the Minitab software, contour curves described by the regression model were constructed and are shown in Figs. 2-4 . The shape of the corresponding contour plot indicates whether the mutual interactions between the independent variables are significant. Fig. 2 depicts the effects of wheat bran juice (A) and Na 2 HPO 4 (C) concentrations on milk-clotting enzyme production by keeping a constant concentration of skim milk powder (B). The elliptical nature of the contour plots indicates that the mutual interactions between the independent variables A and C were significant, indicating that the effect of wheat bran juice on milkclotting activity is dependent on the concentration of skim milk powder. The contour curves shown in Fig. 3 are based on the independent variables wheat bran juice (A) and skim milk powder (B), while the third independent variable, Na 2 HPO 4 (C), was kept at an optimal level. A two-dimensional contour plot with respect to wheat bran juice and skim milk powder showed a clear elongated running diagonal line on the plot, suggesting that wheat bran juice and skim milk powder were interdependent, or that they significantly influenced milk-clotting activity. Fig. 4 denotes the effects of skim milk powder (B) and Na 2 HPO 4 (C), while maintaining a fixed wheat bran juice (A) concentration of 172.45 g/l.
The isoresponse contour of milk-clotting activity showed an approximate rounded ridge running diagonally on the plot, implying that skim milk powder (B) and Na 2 HPO 4 (C) concentration were slightly interdependent.
Experimental Validation of the Optimized Medium Components
In order to confirm the predicted results of the model, batch fermentation in a 10 L fermentor was carried out in the statistically optimized medium. Fig. 5 shows the batch profile of milk-clotting enzyme poduction in the 10 L fermentor. The milk-clotting enzyme activity of 3,326.6 SU/ml in the optimized medium was achieved after 48 h of cultivation, which was very close to the predicted value of 3,313.7 SU/ml according to Eq. (3). The good correlation between these two results validates the model and the existence of an optimal value.
Using the statistical optimization method, a 1.94-fold increase in milk-clotting protease production by Bacillus subtilis [11] and 139% increase in recombinant cyprosin B production by transformed Saccharomyces cerevisiae BJ1991 [22] were achieved. In this study, a 1.76-fold increase in milk-clotting enzyme production was obtained, which indicated that the Plackett-Burman design and Box-Behnken RSM are powerful tools to identify factors and optimize the medium components for milk-clotting enzyme production by B. amyloliquefaciens D4.
Herein, we investigated the characterizations and applications of the milk-clotting enzyme by B. amyloliquefaciens D4 and found that the enzyme was a metalloprotease with a molecular mass of 58.2 kDa and was completely inactivated by heating at 55 o C for 20 min. The optimum temperature and optimum pH were 65 o C and 5.5, respectively [28] . Milkclotting enzyme production by B. amyloliquefaciens has been successfully applied in the preparation of cheese (Fig. 6 ). Considering these properties, B. amyloliquefaciens D4 is a promising producer of microbial rennet.
